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The eastward shift of the enhanced activity of tropical cyclone to the central Pacific
is a robust projection result for a future warmer climate, and is shared by most of
the state-of-the-art climate models. The shift has been argued to originate from the
underlying El-Ñino like sea surface temperature (SST) forcing. This study explores the
possibility that the change of the activity of the Madden–Julian Oscillation (MJO) can
be an additional, if not alternative, contributor to the shift, using the dataset of Yamada
et al. (2010) from a global non-hydrostatic 14-km grid mesh time-slice experiment for a
boreal-summer case. Within the case-study framework, we develop the hypothesis that an
eastward shift of the high-activity area of the MJO, as manifested itself as the significant
intra-seasonal modulation of the enhanced precipitation, is associated with the increased
tropical cyclogenesis potential over the North central Pacific by regulating cyclonic relative
vorticity and vertical shear. In contrast, the North Indian Ocean and maritime continent
undergo relatively diminished genesis potential. An implication is that uncertainty in the
future tropical cyclogenesis in some part of the Pacific and other ocean basins could be
reduced if projection of the MJO and its connection with the underlying SST environment
can be better understood and constrained by the improvement of climate models.
Keywords: central-Pacific tropical cyclone, future MJO, global non-hydrostatic projection, model-derived
hypothesis, seamless weather projection
INTRODUCTION
The regional change of tropical cyclones in future warmer climate
has been a highly debated area of research. Even the sign of change
in cyclone frequency differs from one model to another based
on well-coordinated recent model datasets from Coupled Model
Intercomparison Project (CMIP) 3 and 5 (Knutson et al., 2010;
Camargo, 2013; Emanuel, 2013; Tory et al., 2013). However, the
state-of-the art hydrostatic general circulation models all project
an overall increase of genesis in the central Pacific, compared to
present-day climatic conditions (Li et al., 2010; Murakami et al.,
2012; Zhao and Held, 2012). This change was mostly ascribed to
the underlying El-Ñino-type sea surface temperature (SST) forc-
ing which was specified as a warmer climate condition. Notably, a
time-slice experiment with the global non-hydrostatic model also
projected a similar change of tropical cyclone activity (Yamada
et al., 2010; Y2010). It remains unclear however how the change
of the tropical cyclogenesis would be influenced by the associated
changes of atmospheric phenomena such as the Madden–Julian
Oscillation (MJO,Madden and Julian, 1971, 1972). Li et al. (2010)
indicated that the enhanced tropical cyclone activity over the
central Pacific region can be related to an increased variance of
tropical synoptic-scale perturbations. This short article sheds a
new light on this problem by focusing on a link between the
change in the role and horizontal distribution of the MJO and
the tropical cyclogenesis over the North central Pacific under
a warmer climate state based on the experiment reported by
Yamada et al. (2010). Note that the boreal-summer season is the
focus of this research.
The model used is the Non-hydrostatic ICosahedral
Atmospheric Model (NICAM, Tomita and Satoh, 2004; Satoh
et al., 2008), a global model that is capable of calculating meso-
scale convection, which is an essential building block of tropical
convection, but a most elusive element in traditional hydrostatic
models. With these benefits, NICAM simulations captured
boreal winter- (Miura et al., 2007; Fudeyasu et al., 2008), spring-
(Taniguchi et al., 2010), and summer-time (Oouchi et al., 2009,
2012; Satoh et al., 2012) MJO events and associated tropical
cyclogenesis as well. The application of NICAM to research on
the future change of the MJO and tropical cyclogenesis draws
strongly upon these successful case studies. This study does
not go beyond the case-study framework. As the model needs
large computational resources, we were required to make some
compromises with respect to various aspects, e.g., temporal
duration and the size of ensembles in order to perform the
integration necessary to obtain a greater statistical validity for
intra-seasonal phenomenon such as MJO. The time integration is
www.frontiersin.org February 2014 | Volume 2 | Article 1 | 1
EARTH SCIENCE
Oouchi et al. MJO changes Pacific cyclones
5 months each of present and future experiments. Among various
issues of MJO, this study focuses on the geographical change of
the MJO activity that can be related to tropical cyclogenesis. The
design of the experiment is explained in section Experimental
Design, which is followed by the presentation of the results in
section Results. Section Summary and Remarks concludes with a
summary and further remarks.
EXPERIMENTAL DESIGN
The NICAM experiments are performed using a grid spacing
of around 14-km. The method used is a time-slice experiment
(Bengtsson et al., 1996), and details are explained in Yamada
et al. (2010). To be brief, the model is integrated over the
five (JJASO) and six (MJJASO)—months period for present-
climate (PRESENT) and future (FUTURE) experiment, respec-
tively. The SST in PRESENT is derived from the NOAAOptimum
Interporation (OI) SST V2 dataset for 2004 (Reynolds et al.,
2002). In FUTURE, the model was spun up during all of May,
which is excluded from the analysis. The FUTURE SST forcing is
created by adding the differences between PRESENT (1979–2003)
and FUTURE (2075–2099) onto the PRESENT SST with the
dataset of the World Climate Research Program Coupled Model
Inter-comparison Project phase 3 (CMIP3), following themethod
of Mizuta et al. (2008). The forcing has an El-Ñino like horizontal
pattern (Y2010, Figure 1) which, as argued later, affects the inter-
pretation of the results. The projection of tropical cyclone change
in the same suite of data is reported in Y2010 along with its com-
parison with a downscaling method (Emanuel et al., 2010). The
tracking methodology of tropical cyclone follows Yamada et al.
(2010). The observational dataset is from the Unisys Corporation
(http://weather.unisys.com/hurricane/).
RESULTS
We first focus on a comparison of the time series of equatorial
precipitation, zonal distribution of its accumulated amount,
and zonal-vertical circulation in the tropical region between
PRESENT and FUTURE (Figure 1). A significant future change
in precipitation is the increased precipitation near the date-
line, a location which closely coincides with the underlying
largest SST forcing (Figures S1A,B). The precipitation undergoes
a marked intra-seasonal modulation in FUTURE. Consequently,
the main area of upwelling for JJASO is located more eastwardly
in FUTURE, and is characterized by the intensified vertical shear
in the western and eastern branches with respect to its center
(Figures S1C,D).
The change in the zonal circulation pattern is also confirmed
by both the Walker Circulation Index (WCI, Wang, 2002) and
also the tropospheric (from the surface to 150 hPa) moisture con-
vergence flux (MFlx) averaged over the Indian ocean (60–100◦E)
(Figure S2). The Walker circulation is driven by the tempera-
ture difference in the underlying SST along the equatorial Pacific,
and the WCI measures the vertical velocity anomaly difference
between the eastern and western Pacific region at the 500-hPa
level (See Wang, 2002 for a detailed definition).
An overall comparison reveals that throughout the simulation
periods, the sign of the temporal WCI variation is almost in phase
with that of MFlx in PRESENT, and out of phase in FUTURE. In
other words, the zonal circulation pattern over the Indian-Ocean
to the entire Pacific sector changes in FUTURE from bimodal to
unimodal consisting respectively, of upward/downward motions
in the central Pacific and downward/upward motions in the
western Pacific and the Indian Ocean.
Figures 1C,D is annotated with tropical cyclone counts during
JJASO. Each of the three numbers separated by slash marks are
the Pacific counts for 100–150◦ E, 150o E–160o W, and 160–90o
W, respectively. The total number of tropical cyclones decreases
in FUTURE, as previously shown by Y2010, and consistent with
other previous studies. However, an increase in the FUTURE
count is evident over the central Pacific (150o E–160o W), in con-
trast with a decrease over the western side (100–150o E), showing
FIGURE 1 | (A) Hovmoller plots of precipitation averaged over 5◦ S–5◦
N [mm day−1] for PRESENT. (B) Same as (A) except for FUTURE.
(C) Blue bars: accumulated precipitation amount [mm] summed over
the date with higher precipitation rate (more than 8mm day−1) during
JJASO for PRESENT; bottom numerals: tropical cyclone counts for
western Pacific, Indian Ocean, Pacific, and Atlantic. Pacific area are
divided as 100◦–150◦ E, 150◦ E–160◦ W, and 160◦–90◦ W with slash
marks, (D) Same as (C).
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an eastward shift of tropical cyclogenesis in FUTURE. Figure 1B
shows the intra-seasonal variation of precipitation over the cen-
tral Pacific. This implies that the increase in tropical cyclones
over the North central Pacific is related not solely to the change
in stationary flows associated with the ENSO-type SST response,
but also to changes in intra-seasonal oscillations, i.e., the MJO.
It is unclear whether any intra-seasonal variability of precipita-
tion over the central Pacific is associated with the MJO. The next
question is in what way the active areas of the MJO and tropical
cyclogenesis change in association with these changes in climate
state.
The change in MJO activity can be seen in Figure 2 display-
ing the Hovmoller plots of zonal velocity anomaly at 200 hPa
(A,B), and Real-time Multivariate (RMM) MJO indices (C,D)
based on Wheeler and Hendon (2004) (WH04). The indices elu-
cidate the behaviors of MJO over the different longitudes. They
are based on extended empirical orthogonal function analysis of
zonal velocity anomalies at 200 and 850 hPa in addition to the
outgoing longwave radiation (OLR) anomaly derived from the
daily outputs. To create anomalies, the climatological mean of
the reanalysis dataset for the period 1979–2001 is subtracted from
the raw output using NCEP/NCAR daily reanalysis (Kalnay et al.,
1996) for velocities and NOAA for OLR. Each anomaly is then
divided by its longitudinally-averaged normalization factor (as
computed in WH04 to be 15.1Wm−2 for OLR, 1.81ms−1 for 850
hPa zonal wind, and 4.81ms−1 for 200 hPa zonal wind), and then
these are projected onto the WH04 EOFs. Estimating the applica-
bility of the indices to the future climate dataset is an important
subject for future studies.
There are eight phases for categorizing the convectively active
signal of the MJO (PH1–8), each of which roughly corresponds
to the area of active MJO center. Overall, the eastward move-
ment of the velocity is seen both in PRESENT and FUTURE
(Figures 2A,B), and clear amplifications of its eastward move-
ment are detected in FUTURE (e.g., earlier in August over
120–60o W, and in late August over 120o E–180o). On the RMM
phase space, the eastward movement of the MJO can be seen
through the traces moving counter-clockwise across the corre-
sponding geographical location. Figure 2C indicates the pres-
ence of an eastward movement from early June to early July
FIGURE 2 | (A) Hovmoller plots of zonal velocity anomaly at
200 hPa from the time average over JJASO [ms−1] for PRESENT.
(B) Same as (A) except for FUTURE. (C) PC1–PC2 phase-space
points of JJASO MJO activity for PRESENT based on the method
of Wheeler and Hendon (2004). For each of eight equal-angled
phase-space categories, the approximate locations of the enhanced
convective signal of MJO are labeled. (D) Same as (C) except
for FUTURE.
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which corresponds to the MJO case discussed by Oouchi et al.
(2009). During July and August, no clear eastward movement is
present compared to the observations (URL:http://cawcr.gov.au/
staff/mwheeler/maproom/RMM/phasediag/pd.2004.6.1.gif), but
it is followed by a stronger signal in October across PH6 and 7,
being almost comparable to a western Pacific MJO signal in the
early October (Nakazawa, 2006). As we do not expect the model
to be skillful at simulating the behavior of the MJO beyond 20
days or so (Vitart, 2009), the apparent similarity of the signals
later than mid-July is not examined further here. A comparison
between PRESENT and FUTURE reveals a series of suppressed
signals during June and July, while a stronger signal is present in
August corresponding to the one mentioned above. Among PH1–
8, the amplitude in FUTURE increases relatively in PH6 and 7,
compared to PH2–4. These results are consistent with the intu-
itive impressions obtained by the Hovmoller diagrams shown by
Figure 1.
To see a rough linkage between the change of the MJO and
the environment of tropical cyclogenesis, Figures 3A,B illustrates
the large RMM phase (LRP, eastward propagation only) which we
define as the date when the difference of the maximum ampli-
tude of MJO index between the consecutive 6-days period is
larger than 1.2 (red triangles) or between 0.8 and 1.2 (blue tri-
angles); (C,D) are the meridional-time plot of genesis potential
density (GPD) defined as the ratio of genesis potential index (GPI;
Emanuel and Nolan, 2004) with respect to the entire period and
PH regions. In this study, GPI is calculated for each of the follow-
ing areas for major ocean basins to facilitate discussion: (Indian
Ocean, 45–90◦ E;maritime continent, 90–110◦ E;Western Pacific,
100–150◦ E; Central Pacific, 150◦ E–160◦ W; Eastern Pacific and
Atlantic, 160–20◦ W. In PRESENT, we cannot see close corre-
spondence between the LRP in excess of 1.2 and a higher GPD.
In other words, GPD is not necessarily contributed to by the
growth of RMM in PRESENT. On the other hand, in FUTURE
the correspondence becomes stronger over the central Pacific
(PH6 and 7), and to some degree over the Eastern Pacific and
Atlantic, suggesting a closer link between the MJO’s amplifica-
tion, and higher GPD over the central Pacific. Interestingly, the
higher GPD is more dominant over the central Pacific and the
western hemisphere than it is elsewhere in FUTURE. This may
be associated with the bimodal/unimodal circulation patterns in
PRESENT/FUTURE (Figure S1).
To investigate the link between MJO and tropical cyclogen-
esis potential in the North central Pacific, the meridional-time
plot of relative vorticity anomaly at 850 hPa over 150o E–160o
W is shown in the upper panel of Figure 4A for PRESENT and
(B) for FUTURE. The “central” Pacific region is selected, as
defined in the tropical cyclone count in the slash-marked val-
ues in Figures 1A,B. The bottom sub-panels (A,B) plot the time
series of the relative vorticity, RMM amplitude (larger than 0.8),
FIGURE 3 | (A) The large RMM phases defined as the date when the
difference of the maximum RMM amplitude between the consecutive
6-days period is larger than 1.2 (red) and 0.8 (blue) for PRESENT. (B)
Same as (A) except for FUTURE. (C) Time series of genesis potential
index (Emanuel and Nolan, 2004) density [%] for PRESENT for the
following regions: Indian Ocean, 45–90◦ E; maritime continent, 90–110◦
E; Western Pacific, 100–150◦ E; Central Pacific, 150◦E–160◦W; Eastern
Pacific and Atlantic, 160–20◦ W. The density is with respect to whole
defined regions and period (JJASO). (D) Same as (C) except for
FUTURE.
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FIGURE 4 | (A) Top; Meridional-time plot of relative vorticity at 850 hPa
averaged over 150◦ E–160◦ W (the “central” Pacific region as defined in
the tropical cyclone count in the slash-marked values in Figures 1C,D) for
PRESENT, Bottom; the time series of relative vorticity (multiplied by
arbitrary factor), RMM amplitude (larger than 0.8), and vertical shear
averaged over the above longitudinal region and 0–10◦ N. The tropical
cyclone marks indicate the genesis points in the region. (B) Same as
(A) except for FUTURE.
and vertical shear averaged over 0–10◦ N and the longitudinal
region. A comparison between PRESENT and FUTURE reveals
that increased cylonic vorticity is more notable in FUTURE. The
increase closely coincides with that of the RMM amplitude and
also the decrease of the vertical shear, and these features become
more pronounced in FUTURE. This suggests that the propaga-
tion of the MJO and associated enhancement of vorticity and
weakening of vertical shear can contribute positively to tropical
cyclogenesis over the North central Pacific region in FUTURE.
The tropical cyclogenesis locations are plotted in the upper panels
of Figures 4A,B. We can see that the genesis in FUTURE occurs
at the timing of the larger RMM phase, and it is associated with
larger values of cyclonic vorticity and negative anomaly of vertical
shear more clearly than PRESENT. A clear case occurs during first
August–mid September. These results suggest a possible connec-
tion between the eastward shift of the MJO location and that of
tropical cyclogenesis over the North central Pacific in FUTURE.
SUMMARY AND REMARKS
The eastward shift of the enhanced Pacific tropical cyclone
activity—from the western Pacific to the central Pacific—under
a future warmer climate has been a widely projected result in
the global climate models, including the global non-hydrostatic
model (Y2010). However, no previous studies have discussed its
association with the change of the MJO. This study proposes a
hypothesis for this question within a boreal summer case-study
framework of Y2010 using the global non-hydrostatic model
NICAM. Although the simulation is too short to consider inter-
annual variability, numerical results show a common signal of
decrease in the total number of tropical cyclones in FUTURE
(Y2010). In our result, the increase in tropical cyclones is seen
over the North central Pacific; this motivates us to further investi-
gate what causes the enhancement of tropical cyclone activity over
the North central Pacific in FUTURE. We found that the simu-
lated MJO becomes active in August in FUTURE, and tropical
cyclones are more generated associated with this active MJO.
Our study has the following implications: (1) an eastward
shift of the higher activity area of the MJO reaching the central
Pacific with its likely association with the underlying SST forc-
ing, enhanced precipitation and Walker circulation; (2) relatively
weakened activity over the tropical warm pool across the Indian
Ocean to maritime continent; (3) an increase in tropical cycloge-
nesis potential over the North central Pacific associated to some
extent with the propagation of MJO that favorably controls the
vertical shear and relative vorticity, and (4) relatively suppressed
tropical cyclogenesis potential over the North Indian Ocean and
maritime continent, whose association with MJO activity relative
to other factors remains to be substantiated. The finding (1) sup-
ports the prevailing notion that the warmer SST condition helps
sustain or enhance the development of MJO, and is consistent
with the observational evidence that convective activity and the
atmospheric response to SST propagates more eastwardly into
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the central Pacific in El-Ñino years (Dunkerton and Crum, 1995;
Hendon et al., 1999; Kessler, 2001). It remains to be completely
clarified whether TC genesis under such a condition would be
more likely to appear under either or both of the effects of MJO
and SST, which may not be competing depending on the time
scale of interest.
In the context of the present climate, there is a large body
of observational studies on the possible modulation of tropi-
cal cyclones by the MJO over the global basins (e.g., Camargo
et al., 2009), the western Pacific (e.g., Nakazawa, 1986; Liebmann
et al., 1994; Kim et al., 2008), and the Atlantic (Klotzbach, 2010).
This paper focuses on the potential increase of tropical cyclones
through the change of MJO-associated synoptic-scale environ-
mental fields including the parameters relevant to the modulation
associated with the MJO (e.g., intensified relative vorticity, and
moderated vertical shear, Camargo et al., 2009) over the central
Pacific. Clarification of themechanism behind the causal relation-
ship between the activation of the MJO and the net increase of TC
awaits further study. One might argue that such a straightforward
extrapolation of “present-climate” analogy to future condition
needs to be carefully considered. There can be other factors
responsible for increase of the total number of TCs that may differ
from one basin to another depending on the different background
states between future and present climate conditions, and this
question is left for future investigation. It should also be noted
that much longer-term simulation is necessary to clarify how
TC modulation is affected by different MJO-phases (both active-
and inactive- MJO periods), in addition to the MJO-active case
presented here. These concerns need to be addressed in future.
While our results suggest that our understanding of changes
in Pacific tropical cyclogenesis in a future warmer climate may
be enhanced by further research on the link between MJO and
associated tropical cyclogenesis, much work remains to be done.
As only a very few MJO events are simulated in our study, the
generality of the results cannot be proven in any climatological
sense, and this needs to be investigated in future with longer-
period simulations. This study does not consider future changes
of the MJO (and evaluation of the MJO index) per se, which
would need a larger sample size with extended simulation period,
and which could bring new challenges of its own. Additionally,
some cautions need to be kept in mind to ensure progress in
a suitable direction. Pacific tropical cyclogenesis is known to be
substantially affected by other tropical disturbances in addition
to theMJO, including equatorial waves (e.g., Li, 2012). Even when
the MJO apparently controls cyclogenesis, other disturbances can
play roles in some way or another, associated with or indepen-
dent of the presence of the MJO. In this article, the effects of
the other disturbances are ignored in favor of the MJO, assum-
ing that the MJO would exert the largest scale first-order control.
Identifying the relative effects of the other disturbances will be a
priority for future investigation. We also did not address the exact
role of the MJO in controlling the frequency: whether it generates
or modulates the tropical cyclone activity, and what sub-synoptic
pathway is present to the emergent tropical cyclone. Future work
should explore this issue. Given the shortness of the time integra-
tion spanning 5 months, this study is viewed as a case study for a
boreal summer season. We plan to extend the experiment across
the seasons to evaluate the statistical reliability of the findings. In
the near future, we also plan to expand the temporal boundaries
of the research as we get access to greater computing resources via
the K-computer (Yokokawa et al., 2011).
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